Abstract The effects of a xanthine oxidase-mediated free radical-generating system containing purine and iron-loaded transferrin or solutions containing hydrogen peroxide and iron-loaded transferrin on substrate utilization and high-energy phosphates were evaluated by nuclear magnetic resonance (NMR) spectroscopy in isolated perfused rat hearts. Hearts were supplied with lactate, acetate, and glucose, and the contribution of each substrate to acetyl coenzyme A was measured in control hearts and in the presence of a free radical-generating system. Perfused hearts were monitored by 31P NMR, and tissue extracts were analyzed by`1C NMR. Free radicals decreased the phosphocreatine and -ATP peak areas and reduced contractile function. Under control conditions, lactate, acetate, and endogenous sources were the major contributors of acetyl coenzyme A units, with only 5% originating from glucose. In the presence of a xanthine oxidasemediated free radical-generating system, the glucose contribution increased to 54%, while contributions from acetate and Free radical-mediated injury has been proposed as one of the major components involved in the pathophysiological alterations observed during ischemia and reperfusion. (NMR) and to correlate these data with 31P NMR observations of high-energy phosphates and mechanical function. The experimental approach was to provide the heart with a choice of exogenous oxidizable substrates, starting with the`1C label either in glucose or in both acetate and lactate, so that the contribution of glucose, lactate, and acetate to energy production in the tricarboxylic acid (TCA) cycle could be monitored.2122 In the present report, the effects of two different free radical-generating systems on the metabolism and relative utilization of both the exogenous and endogenous substrates in isolated perfused rat hearts are presented.
resulting from the exposure of myocardial tissue to superoxide or hydroxyl radicals, singlet oxygen, or hydrogen peroxide have not been completely resolved. Free radical interactions have been proposed to decrease energy production by interfering with enzyme function. It has been indicated that oxidative stress could inhibit specific glycolytic enzymes, such as glyceraldehyde-3 -phosphate dehydrogenase,12l3 because of the oxidation of key sulfhydryl groups. Pyruvate dehydrogenase (PDH)14 and the ATP synthetase enzyme complex12'5 have also been shown to be altered by free radical-mediated oxidation. Some studies have suggested that oxidative phosphorylation in cardiac mitochondria is also affected.6,16 In addition, oxidative stress in some models has been found to increase carbon flux through the pentose cycle. '7-20 endogenous sources were significantly reduced. Both`1C and lip NMR analyses showed no significant accumulation of glycolytic sugar phosphates, suggesting little inhibition of glyceraldehyde-3-phosphate dehydrogenase. The increased contribution of glucose to the tricarboxylic acid cycle relative to acetate and endogenous sources is consistent with activation of pyruvate dehydrogenase. In contrast, hearts exposed to a hydrogen peroxide-based free radical-generating system showed an increase in lactate utilization, a decrease in acetate utilization, and no change in glucose utilization compared with control hearts. Glycolytic sugar phosphates were found to accumulate, suggesting possible inhibition of glyceraldehyde-3-phosphate. Thus, different radicals or their metabolites may have varying effects on myocardial metabolism. (Circ Res. 1994;75:97-104.)
Key Words * 13C nuclear magnetic resonance * lip nuclear magnetic resonance * free radicals * heart metabolism Although individual enzyme systems have been studied extensively, there is little information on the overall effects of free radicals on intermediary metabolism. The present study was designed to analyze substrate oxidation by use of '3C nuclear magnetic resonance (NMR) and to correlate these data with 31P NMR observations of high-energy phosphates and mechanical function. The experimental approach was to provide the heart with a choice of exogenous oxidizable substrates, starting with the`1C label either in glucose or in both acetate and lactate, so that the contribution of glucose, lactate, and acetate to energy production in the tricarboxylic acid (TCA) cycle could be monitored.2122 In the present report, the effects of two different free radical-generating systems on the metabolism and relative utilization of both the exogenous and endogenous substrates in isolated perfused rat hearts are presented.
Materials and Methods Heart Perfusions
An isolated perfused Langendorff rat heart preparation was used for these studies.23 Animal use was in accordance with institutional guidelines and the "Guide for the Care and Use of Laboratory Animals." Nonfasted male Sprague-Dawley rats weighing 225 to 300 g were heparinized (1000 U per rat) intraperitoneally and then anesthetized with pentobarbital sodium (50 mg/kg IP). The heart was rapidly excised, suspended from the Langendorff perfusion apparatus, and perfused at 37°C and a pressure of 70 cm H20 with a phosphatefree bicarbonate-buffered medium containing (mmol/L) NaCi 119.2, KCl 4.7, CaCl2 1.7, MgSO4 1.2, NaHCO3 25, glucose 10, lactate 1, and acetate 0.25. No additional proteins were added to the buffer to prevent possible interactions with the generating systems. The pH was maintained at 7.4, and the solution was bubbled continuously with 95% O2/5% CO2. A fluid-filled latex balloon inserted through the mitral orifice was used to measure left ventricular function. The balloon was inflated to produce an end-diastolic pressure of 5 to 10 mm Hg. The spontaneously beating hearts were placed in a 20-mm NMR tube and then centered in the magnet. The perfusion apparatus was an all-glass water-jacketed system with three separate perfusate reservoirs, which was placed entirely within the bore of the magnet. Thus, switching between perfusing solutions could be accomplished with minimal delay.
Free Radical Perfusions
Hearts exposed to free radicals were either perfused with a free radical-generating system containing 0.03 U/mL xanthine oxidase (Boehringer Mannheim), 2.3 mmol/L purine, and 2.4 ,mol/L iron-saturated transferrin (human transferrin, Sigma) added to the bicarbonate buffer for 45 minutes24,25 or perfused with the bicarbonate buffer containing 0.225 mmol/L hydrogen peroxide and 2.4 ,umol/L iron-saturated transferrin. The concentration of hydrogen peroxide was chosen to obtain an isolated heart preparation that would continue to function for a period long enough to ensure`3C enrichment of the pools of TCA cycle intermediates. Seven of the nine hearts exposed to hydrogen peroxide plus iron-loaded transferrin demonstrated severe contracture and functional depression between 25 and 35 minutes and were frozen at that time.
3C Studies
Isolated perfused rat hearts were stabilized in a bicarbonate-buffered solution containing the unlabeled substrates, 10 mmol/L glucose, 1 mmol/L lactate, and 0.25 mmol/L acetate. This medium was then switched to one containing 13C-labeled substrates at the start of the experiment. The perfusate substrates were labeled in one of four different ways: (1) uniformly labeled glucose ([U-13C6]glucose), unlabeled lactate, and acetate, (2) 13C NMR studies were performed on tissue extracts of the Langendorff-perfused hearts.26 Frozen hearts were powdered with a mortar and pestle under liquid nitrogen, and the frozen tissue was extracted with 2 mL/g of frozen tissue of a solution containing 4% perchloric acid. The extract was neutralized with KOH to pH 7, freeze-dried, and redissolved in 0.5 mL of deuterium oxide (D20) for NMR analysis.21 '26 13C spectra were obtained on a 400-MHz spectrometer using a 5-mm broadband probe. Data were collected by using a 450 carbon pulse, 32K data points, ±20 000 Hz spectral width, a 2-second delay between pulses, and WALTZ16 proton decoupling. The free induction decays were processed with a 1-to 2-Hz line broadening before Fourier transformation. 
31P Studies
31P analyses were performed on a subset of the hearts labeled with [13C]glucose. Phosphate metabolites were monitored by using standard 31P NMR techniques.29 Measurements were obtained with a broadband 20-mm Bruker probe in an NT300 (7.0 T/9 cm) system with a Macintosh IIfx-based Tecmag NMR Station. Spectra from isolated hearts were acquired over a ±3000-Hz spectral width with 1024 data points, a 45°pulse, 240 acquisitions, and a 1.1-second interpulse delay (approximate total time per spectrum was 5 minutes). The free induction decays were processed with a 20-Hz line broadening before Fourier transformation. Spectra were analyzed by use of the absolute integral obtained from the NMR1 program.
Statistical Analysis
Statistical significance was determined by ANOVA and Fisher multiple comparison tests. 30 Data were considered significantly different at P<.05. STATVIEW II operating on a Macintosh lix was used for statistical analyses.
Results

3C NMR Results
Labeling of Glutamate From [13C]Glucosè
3C NMR spectra of extracts from hearts perfused with a mixture of [U-13C61glucose and unlabeled acetate and lactate under standard control conditions displayed a glutamate C4 multiplet composed of a singlet and a doublet ( Fig 1A) . The doublet C4j4,5 is due to glutamate labeled in both the 4 and 5 carbons, a labeling pattern that can only be derived from uniformly labeled acetyl CoA that originated from the uniformly labeled glucose (Fig 2) . The center singlet was assumed to be the natural-abundance (n=4) ( Table) . Furthermore, both 31P and 13C control heart spectra did not show significant levels of glycolytic sugar phosphates, consistent with limited glucose utilization.
Hearts exposed to the xanthine oxidase-mediated free radical-generating system (n=3) showed markedly different spectra compared with control hearts (Fig 1B) . The glutamate C4 multiplet showed a significant quartet component, reflecting enrichment of the adjacent C3 carbon (Fig 2) . This arises from multiple turns of enriched carbons through the TCA cycle and is indicative of substantial enrichment of the TCA cycle carbon pool. In these spectra, F,3 was found to be 54±5%, significantly higher than the values found for the control hearts (Table) . These observations indicate that more acetyl CoA is derived from [U-'3C6jglucose in free radical-exposed hearts compared with control hearts. Further evidence of increased glucose utilization in hearts injured by the xanthine oxidase-mediated free radical-generating system was the increased fractional enrichment of both lactate and alanine pools compared with control hearts (data not shown). In hearts exposed to hydrogen peroxide and iron-loaded transferrin (n=4), a significant increase in glucose utilization compared with control hearts was not observed (Table) .
Studies to examine the xanthine oxidase-mediated generating system were repeated by using a mixture of (Fig 4) . In hearts exposed to the free radical-generating system (n=5), Fc3 was found to be 14+2% and Fc2 was 15±1% (P>.05), indicating no significant pentose cycle flux in these experiments. Furthermore, the sum of F,3 plus 2* FC2 (to account for the half of [1-13C] Discussion The production and involvement of oxygen-derived free radicals, highly reactive derivatives of oxygen, in the pathogenesis of ischemia and reperfusion damage have been documented previously. [33] [34] [35] [36] [37] However, the precise biochemical effects of different free radicals or toxic oxygen metabolites and the contribution of biochemical alterations to functional impairment have not Graphs showing contractile changes expressed as percentage of the initial control value for control hearts (n=18), hearts exposed to a xanthine oxidase (XO)-mediated free radical-generating solution (P+XO+FeT, where P is purine and FeT is iron-loaded transferrin) (n= 17) starting after 5 minutes (arrow), and hearts exposed to H202+FeT (n=7). Functional data are provided for the first 25 been resolved. Although exposure of normal myocardial tissue to free radicals does not take into account alterations occurring during ischemia and reperfusion that may predispose the myocardium to free radical-mediated injury, such as a reduction in endogenous free radical-scavenger activity, such studies have been valuable in defining both the qualitative and quantitative importance of free radicals in initiating myocardial damage. 5,13,16.24,25,38-46 The present study provides quantitative data on the effects of a xanthine oxidase-mediated free radicalgenerating solution versus a hydrogen peroxide-based oxidant system containing iron-loaded transferrin on myocardial substrate utilization, high-energy phosphate metabolism, and function. In control hearts, the contribution of labeled glucose to acetyl CoA was low. This is consistent with previous studies of substrate competition in isolated perfused rat hearts using the same combination of glucose/lactate/acetate; in this case, the bulk of acetyl CoA entering the TCA cycle was derived from lactate and acetate with lesser contributions from glucose and other endogenous sources. 21 Free radicals generated by use of purine, xanthine oxidase, and iron-loaded transferrin tended to decrease the contri- CoA inhibits PDH and, therefore, the utilization of glycolytic substrates. The activation of the PDH complex could result from increases in intracellular calcium levels,51-53 resulting from free radical exposure.25 Studies by other investigators have also indicated that oxidative stress alters the redox state of the pyridine nucleotides, which can subsequently alter mitochondrial calcium release and reuptake54 and possibly result in activation of PDH.
These results also suggest that pyruvate derived from exogenous glucose was preferentially utilized by PDH over pyruvate derived from exogenous lactate. This observation agrees with a previous report by Zhao et al,55 which showed that the`3C fractional enrichment observed in lactate does not parallel the 13C fractional enrichment of pyruvate oxidized in the TCA cycle. Both observations suggest that more than one lactate pool exists in perfused heart tissue.
In the presence of the hydrogen peroxide and ironloaded transferrin system, the contribution of labeled lactate to acetyl CoA utilized by the TCA cycle was significantly elevated, whereas glucose utilization was not significantly different from the control value. Acetate and endogenous sources contributed a significantly smaller fraction to acetyl CoA in these experiments. Since endogenous sources consist mainly of triglycerides, this represents an overall shift toward utilization of glycolytic substrates, resembling the findings with the xanthine oxidase-mediated free radical-generating system. However, glucose was not a major contributor of glycolytic acetyl CoA in the presence of hydrogen peroxide. In addition, the 31P NMR spectra showed a substantial accumulation of sugar phosphates, consistent with inhibition of glyceraldehyde-3-phosphate dehydrogenase,13,56 whereas spectra obtained from hearts treated with the xanthine oxidase-mediated generating system did not demonstrate comparable amounts of sugar phosphate accumulation.
Corretti et al13 have used NMR to examine rabbit hearts after exposure to hydrogen peroxide and an Fe3+ chelate. 31P NMR spectra revealed partial ATP depletion and sugar phosphate accumulation. From these studies, it was suggested that free radicals inhibited glycolysis, as shown by the accumulation of glycolytic intermediates, which were identified as fructose 1,6-bisphosphate and glyceraldehyde-3-phosphate.13 Our results using the hydrogen peroxide-based system also demonstrated an increase in sugar phosphates similar to the findings of Corretti et al. However, no significant accumulation of triose or hexose phosphates was observed in the present study with either 13C or 31P NMR using the xanthine oxidase-mediated generating system. Inhibition of glyceraldehyde-3 -phosphate dehydroge-( l v nase, mediated by the hydrogen peroxide-based system, appeared to attenuate glucose oxidation to pyruvate and acetyl CoA, whereas lactate oxidation appeared unaffected. This could account for the much larger lactate contribution to the acetyl CoA pool in the presence of the hydrogen peroxide-mediated system. Hearts also exhibited left ventricular pressure deterioration and diastolic contracture,13 similar to the present study. These findings suggest a substantial difference in the effects of the xanthine oxidase-mediated generating system on glucose metabolism compared with a hydrogen peroxide-based system.
Other studies have also proposed that free radicals could damage mitochondria and inhibit glycolysis, possibly by directly affecting glycolytic enzymes.12'5'1650 Goldhaber et al16 have shown that exposure of intact ventricular tissue to free radical-generating solutions resulted in the depletion of high-energy phosphates, loss of K', and reduced tension development similar to what has been observed during ischemia and metabolic inhibition. Vlessis et al '4 have proposed that the toxicity of reactive oxygen species results from the effects that mitochondrial peroxide metabolism has on substrate entry into oxidative pathways. PDH activity was found to be inhibited by peroxide in a dose-dependent fashion, possibly by the oxidation of key sulfhydryl groups in the PDH complex. Low tert-butyl hydroperoxide concentrations inhibited PDH flux, whereas higher concentrations enhanced PDH flux.50 In addition, there appears to be an NADH-linked, substrate-dependent nature of mitochondrial peroxide metabolism that may be physiologically relevant to reperfusion injury. 50 Previous reports have also suggested that the pentose cycle activity is increased during oxidative stress.1756 Perfusion of isolated rat hearts with tert-butyl hydroperoxide resulted in an increase in oxidized glutathione and activation of the pentose cycle.17 Inhibition of glucose-6-phosphate dehydrogenase by NADPH appeared to be overcome by oxidized glutathione. In an NMR study of myocardial oxidative stress using [1-`3C]glucose, it was concluded that a decrease in the labeling of the TCA cycle intermediates could either have been due to an inhibition of glycolytic flux or an activation of the pentose cycle.56 However, there is considerable controversy over the degree of activity of the pentose cycle in the myocardium of perfused isolated hearts.1757 In a study of perfused rat hearts exposed to oxidative stress, no differences in the oxidation rate of [1-`4C]glucose were reported either when glucose was the sole substrate or when 0.8 mmol/L oleate was present. It was concluded that the pentose cycle was not active under these conditions.57 Thus, many discrepancies exist in the free radical literature describing the type of metabolic damage caused by free radicals. The use of [U-1"C6] and [1-1"C]glucose allowed the activity of the pentose cycle to be analyzed in these experiments. Our results did not show a significant diversion of hexose into the pentose cycle relative to glycolysis. However, it is possible that with a greatly increased glycolytic flux, a relatively small fraction of hexose units, below the resolution limits of our method (<5%), could support increased pentose cycle activity.
Thus, 13C NMR analyses have provided pertinent information relating to the metabolic derangements resulting in altered substrate utilization that occurs during exposure of the myocardium to oxidant injury. Results obtained using a xanthine oxidase-mediated free radical-generating system containing purine and iron-loaded transferrin differed from studies using a hydrogen peroxide and iron-mediated system, showing that the identity of the oxidant or free radical species generated, the reactivity, and their sites of action must be considered when examining oxidant-induced injury. It is possible that exogeneously applied hydrogen peroxide may gain intracellular access and alter intracellular or mitochondrial enzymes more readily than superoxide or hydroxyl radicals, which may react initially with vascular endothelial cells and/or the sarcolemma of cardiac myocytes.
